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STIMULI-RESPONSIVE POLYMER
DIAGNOSTIC ASSAY COMPRISING
MAGNETIC NANOPARTICLES AND
CAPTURE CONJUGATES

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 13/891,005, now U.S. Pat. No. 9,080,933, filed May 9,
2013, which is a continuation of International Application
No. PCT/US2011/035256, filed May 4, 2011, which is a
continuation-in-part of U.S. application Ser. No. 12/942,
919, filed Nov. 9, 2010, which claims the benefit of U.S.
Provisional Application No. 61/259,545, filed Nov. 9, 2009,
the disclosure of each is incorporated herein by reference in
its entirety.

STATEMENT OF GOVERNMENT LICENSE
RIGHTS

This invention was made with Government support under
Contract Nos. EB000252 and EB002991, both awarded by
the National Institutes of Health. The Government has
certain rights in the invention.

BACKGROUND

The centralized hospital laboratory and the large reference
laboratory remain the sites at which most clinical diagnostic
testing, especially immunoassay testing, is done. There has
been a convergence by the major manufacturers of immu-
noassay tests toward certain immunoassay formats. Among
these, the sandwich immunoassay, employing both a trap-
ping antibody and a detection antibody is the format of
choice for analytes and biomarkers containing two separate
epitopes to which antibodies can bind. There has been a
further convergence by many leading immunoassay manu-
facturers on the use of antibody coupled magnetic beads as
a separation means to enable the removal of the trapping
antibody:antigen:detection  antibody  sandwich  from
unbound detection antibody. Magnetic beads have gained
increasing use as a convenient separation technique for
many forms of cell, nucleic acid and protein isolations and
analyses. In particular, the manufacturers of clinical immu-
noassays utilize magnetic beads both as a solid support for
antibodies targeted to analytes of clinical importance, and as
the separation means to isolate and detect those bound
analytes. Sandwich immunoassays, the most common
immunoassay format, utilize two different antibodies—a
trapping antibody (Ab) and a detection Ab—to form sand-
wich complexes in the presence of antigens. Magnetic
microbeads provide an effective way to immobilize sand-
wich complexes while washing away unbound detection Ab.
But use of magnetic beads imposes a paradox. The magnetic
beads must have sufficient size—normally on the order of
several microns in diameter—in order to be separated in an
easily achievable magnetic field. But magnetic beads of this
size diffuse only very slowly, and present very limited
surface area for antibody binding compared to their volume.
Thus the size of the current magnetic beads limits the speed
and sensitivity that can be achieved in clinical immunoas-
says.

Through advances in template-directed polymer synthesis
and nanotechnology, a new class of “smart” magnetic nano-
particles can be made. These magnetic nanoparticles can
change from a monodispersed small diameter particle of
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roughly 20 nanometers diameter to a macro-aggregate of
microns diameter in response to an environmental stimulus
like a temperature or pH change. By using these advanced
nanomaterials, assays can be developed in which the very
high surface to volume ratio and the small size/high diffu-
sion of the smart magnetic nanoparticles provides for higher
sensitivity (greater antigen binding) and faster binding reac-
tions compared to current magnetic bead reagents. A discrete
pH or temperature stimulus can cause these smart nanopar-
ticle reagents to co-aggregate with other entities containing
stimuli-responsive polymers into a macro-aggregate of
micron dimensions, which can be separated by a magnetic
field as easily and quickly as currently used magnetic beads.

These new to the world materials present the promise of
faster, more sensitive clinical immunoassays for important
biomarkers of cardiac disease, cancer, endocrine and infec-
tious diseases. These smart magnetic nanoparticles can show
the same advantages in life science research applications
currently using magnetic beads for the separation or analysis
of cells, proteins, or nucleic acid sequences. The present
invention seeks to fulfill this need and provides further
related advantages.

SUMMARY

This summary is provided to introduce a selection of
concepts in a simplified form that are further described
below in the Detailed Description. This summary is not
intended to identify key features of the claimed subject
matter, nor is it intended to be used as an aid in determining
the scope of the claimed subject matter.

In one aspect, a stimuli-responsive reagent is provided. In
one embodiment, the stimuli-responsive reagent includes a
stimuli-responsive magnetic nanoparticle that includes a
first stimuli-responsive polymer attached to a magnetic core;
and a stimuli-responsive capture conjugate that includes a
second stimuli-responsive polymer attached to a first capture
moiety, wherein the first capture moiety is capable of
binding to a diagnostic target.

In another aspect, a method for concentrating a diagnostic
target in a liquid is provided. In one embodiment, the
method includes the steps of: applying a magnetic field to an
aggregate in the liquid to provide a collected aggregate by
magnetophoresis, wherein the aggregate includes: a stimuli-
responsive magnetic nanoparticle comprising a first stimuli-
responsive polymer attached to a magnetic core; and a
stimuli-responsive capture conjugate that includes a second
stimuli-responsive polymer attached to a capture moiety,
wherein the capture moiety is capable of binding to a
diagnostic target; wherein the aggregate is formed through
associative interaction between the first stimuli-responsive
polymer and the second stimuli-responsive polymer.

In another aspect, a method for capturing a diagnostic
target in a liquid is provided. In one embodiment, the
method includes the steps of:

(a) contacting a liquid to be tested for the presence of a
diagnostic target with a stimuli-responsive reagent for a
pre-determined period of time sufficient to effect binding of
the diagnostic target, if present, to the stimuli-responsive
capture conjugate, comprising:

(1) a stimuli-responsive magnetic nanoparticle comprising

a first stimuli-responsive polymer attached to a mag-
netic core; and

(i) a stimuli-responsive capture conjugate comprising a

second stimuli-responsive polymer attached to a cap-
ture moiety, wherein the capture moiety is capable of
binding to a diagnostic target;
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(b) applying an effective stimulus to provide an aggregate
in the liquid formed through associative interaction between
the first stimuli-responsive polymer and the second stimuli-
responsive polymer, wherein the aggregate comprises

(1) a stimuli-responsive magnetic nanoparticle comprising
a first stimuli-responsive polymer attached to a mag-
netic core; and

(i) a stimuli-responsive capture conjugate comprising a
second stimuli-responsive polymer attached to a cap-
ture moiety, wherein the capture moiety is bound to the
diagnostic target when the diagnostic target is present
in the liquid,

(c) subjecting the aggregate to a magnetic field to mag-
netophorese the aggregate to a site within the liquid to
provide a magnetophoresed aggregate in the liquid;

and

(d) analyzing the magnetophoresed aggregate to deter-
mine if the diagnostic target is present.

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this invention will become more readily appreciated
as the same become better understood by reference to the
following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

FIG. 1A-1H are diagrammatic illustrations of a method
for isolating a diagnostic target from a solution using
stimuli-responsive magnetic nanoparticles and capture con-
jugates in accordance with the embodiments provided
herein;

FIGS. 2A-2F are diagrammatic illustrations of an exem-
plary method for immobilizing an antigen diagnostic target
from a solution comprising temperature-responsive mag-
netic nanoparticles and antibody conjugates in accordance
with the embodiments provided herein;

FIGS. 3A-3C are diagrammatic illustrations of an exem-
plary method for immobilizing a diagnostic target from a
solution similar to that illustrated in FIGS. 2A-2F, although
further comprising a reporting conjugate, in accordance with
the embodiments provided herein;

FIG. 4 graphically illustrates the efficiency of separating
aggregates comprising stimuli-responsive magnetic nano-
particles and antibody conjugates in accordance with the
embodiments provided herein;

FIG. 5 graphically illustrates the relationship between
stimuli-responsive antibody conjugates and the percentage
of diagnostic target captured by the conjugates in accor-
dance with the embodiments provided herein;

FIG. 6 illustrates a reaction scheme for conjugating a
temperature-responsive polymer moiety to an antibody to
form a capture conjugate in accordance with the embodi-
ments provided herein;

FIG. 7 is an SDS-PAGE gel image used to confirm the
conjugation of polymer to antibody as illustrated in FIG. 6;

FIG. 8 graphically illustrates the relationship between
stimuli-responsive streptavidin conjugates and the percent-
age of biotinylated diagnostic target captured from a solu-
tion in accordance with the embodiments provided herein;

FIG. 9 graphically illustrates the relationship between the
percentage of BSA captured versus the molar ratio of
streptavidin conjugate to biotinylated BSA in an exemplary
embodiment; and

FIG. 10 graphically illustrates the relationship between
the percentage of captured oligonucleotide and the volume
of streptavidin-polymer conjugate in an exemplary embodi-
ment.
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DETAILED DESCRIPTION

The present invention utilizes the aggregation of stimuli-
responsive polymers to isolate a diagnostic target (e.g., an
antigen) from a solution using magnetophoresis. [solating
the diagnostic target provides a route to identify the presence
of the diagnostic target in the solution. The systems and
methods provided herein are not limited to a particular class
of diagnostic target. Therefore, a universal method is pro-
vided for isolating a diagnostic target from a solution.

In the embodiments provided herein, stimuli-responsive
polymers are coupled to both magnetic nanoparticles and
capture moieties to form “smart” components of a reagent (a
“smart reagent”). The smart magnetic nanoparticles and
smart capture moieties are then combined in solution with a
diagnostic target. In the combined solution, the smart cap-
ture moieties bind (or otherwise capture) the diagnostic
target. Application of an effective stimulus (or stimuli)
causes the stimuli-responsive polymers of both the smart
magnetic nanoparticles and smart capture moieties, which
are bound to the diagnostic target, to become associative
such that the stimuli-responsive polymers aggregate in solu-
tion to form aggregates of the smart magnetic nanoparticles
and smart capture moieties. The aggregates can then be
further manipulated (e.g., isolated) and analyzed to identify
the presence (or absence) of the diagnostic target.

FIGS. 1A-1H schematically illustrate an exemplary
method for capturing a diagnostic target 15 from a solution
10 using stimuli-responsive magnetic nanoparticles 80 and
stimuli-responsive capture conjugates 20, in accordance
with the embodiments provided herein. Referring to FIG.
1A, a solution 10 includes a two-part reagent system com-
prising a plurality of stimuli-responsive magnetic nanopar-
ticles 80 and a plurality of stimuli-responsive capture con-
jugates. The stimuli-responsive magnetic nanoparticles 80
(referred to herein as “smart mNPs”) comprise a magnetic
nanoparticle core 81 and a plurality of stimuli-responsive
polymers 83 attached to the core 81. The stimuli-responsive
capture conjugates 20 (referred to herein as “smart capture
conjugates”) comprise a capture moiety 21 and a stimuli-
responsive polymer 23 attached to the capture moiety 21.
The combination of the smart mNPs 80 and smart capture
moieties 20 are referred to herein as a “smart reagent.”

A plurality of detector complexes 13 can optionally be
added to the solution 10 at any point during the process
illustrated in FIGS. 1A-1H. In this regard, the detector
complexes 13 are illustrated in phantom in FIGS. 1A-1H.
The detector complexes 13 can be any complex having at
least the ability to bind to the diagnostic target 15 and to
provide (or otherwise facilitate) reporting of the detector
complex 13. For example, in certain embodiments, the
detector complex 13 comprises a fluorescent moiety and a
detector binding moiety (e.g., an antibody). Detector com-
plexes 13 are well known to those of skill in the art.

Referring to FIG. 1B, the smart reagent is combined in a
solution 10 with a plurality of diagnostic targets 15 that will
bind to a capture moiety 21. Accordingly, diagnostic target
15 in the solution 10 will bind to the capture moiety 21 of
the capture conjugate 20 to form a capture complex 35, as
illustrated in FIG. 1C.

To the solution 10 illustrated in FIG. 1C, certain embodi-
ments provided herein include a step of adding stimuli-
responsive polymer 9 to the solution so as to aid in stimuli-
induced aggregation in later steps of the method. Optional
detector complex 13 in the solution binds to the diagnostic
target 15.
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Referring to FIG. 1E, an effective stimulus (e.g., tempera-
ture change, pH change, or exposure to light) is applied to
the solution 10 so as to cause the stimuli-responsive polymer
moieties in the solution (e.g., 9, 23, and 83) to become (self)
associative, such that magnetic aggregates 50 are formed
that comprise at least two smart mNP 80 and one smart
capture complex 35.

The magnetic aggregates 50 can be isolated. Exemplary
isolation methods are illustrated in FIGS. 1F-1H.

Referring to FIG. 1F, the magnetic aggregates 50 are
isolated on a capture substrate 60. Representative capture
substrates include filter paper having filter pores smaller
than the magnetic aggregates 50, or having hydrophobic/
hydrophilic properties such that the magnetic aggregates 50
are preferentially excluded from entering the filter 60.

In one embodiment, the aggregates 50 are pushed through
the capture substrate 60 (e.g., filter) having a surface chem-
istry that adheres the aggregates 50 to membrane 60 upon
contact. As illustrated in FIG. 1F, the membrane 60 collects
the aggregates 50 from solution after the solution is passed
through the capture substrate 60. The aggregates 50 are
immobilized on the surface of the capture substrate 60.

Regarding immobilization of the aggregates 50 on the
capture substrate 60, any mechanism for immobilization can
be implemented in the present invention. Particularly useful
are chemical adhesion means. Representative chemical
adhesion means include hydrogen bonding between at least
one moiety on the aggregate 50 and the capture substrate 60;
and hydrophobic-hydrophobic (or hydrophilic-hydrophilic)
associative binding. Associative binding can be between the
aggregate 150 and an untreated membrane (e.g., hydroxy-
lated nylon) or a membrane having temperature-responsive
moieties attached thereto.

After immobilization, the aggregates 50 can be further
processed to identify the diagnostic targets 15 using methods
known to those of skill in the art. For example, the aggre-
gates 50 can be washed with a solution, or series of
solutions, containing the reagents to perform visual indica-
tion of the presence of the diagnostic target 15, such as an
enzyme-based visual indicator or using a gold particle-based
visual indicator known to those of skill in the art. Alterna-
tively, the immobilized aggregates 50 can be re-solvated in
a relatively small amount of solvent and tested by lateral
flow or other techniques known to those of skill in the art.

If the detector complex 13 has been bound to the diag-
nostic target prior to the step illustrated in FIG. 1F, the
detector complex 13 can be used to report the presence of the
diagnostic target 15.

In certain embodiments, as illustrated in FIGS. 1G and
1H, a magnet 90 is used to concentrate the magnetic
aggregates 50 in the solution 10 proximal to the magnet 90.
Such magnetic concentration is only possible, in certain
embodiments, when a plurality of magnetic nanoparticles 80
are aggregated together in the magnetic aggregates 50 such
that the combined magnetic force acting in concert on the
plurality of magnetic particles 80 is sufficient to (“magne-
tophorese™) the magnetic aggregates 50 towards the magnet
90. If the magnetic aggregates 50 do not contain a sufficient
number of magnetic nanoparticles 80, the magnetic force
from the magnet 90 is not sufficient to move the magnetic
aggregates 50 in the solution towards the magnet 90. For
example, a single magnetic nanoparticle 80 will not have
sufficient magnetic susceptibility to be attracted to a magnet
90 of typical magnetic strength.

In the embodiments provided herein, magnets are used for
magnetophoresis to manipulate (e.g., move or concentrate)
magnetic aggregates 50 in solution. The nature of the
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magnets described herein is not important, so long as the
magnet produces a sufficient magnetic field to produce a
force sufficient to move and concentrate the magnetic aggre-
gates 50 as necessary. In certain embodiments, the magnets
are permanent magnets, such as ceramic or neodymium-
containing magnets. In certain embodiments, the magnets
are electromagnets. In certain embodiments, the magnetic
field has a strength of from 1 to 20 kilogauss.

Referring to FIG. 1G, a magnet 90 is provided adjacent
the solution 10. The magnetic aggregates 50 magneto-
phorese toward the magnet 90 to concentrate the aggregates
50 near the magnet 90.

Referring to FIG. 1H, a solution 70 is similar to that of
solution 10 illustrated in FIG. 1G, although the volume of
the solution has been reduced so as to concentrate the
magnetic aggregates 50 in the solution 70. Such a concen-
tration step is typically accomplished by removing the
supernatant above the magnetic aggregates 50 or other
methods known to those of skill in the art.

After the magnetic aggregates 50 are concentrated in
solution 70, such as in FIG. 1H, or concentrated on a surface
60, as in FIG. 1F, the magnetic aggregates 50 can then be
analyzed using techniques known to those of skill in the art
to detect the presence (or absence) of the diagnostic target 15
on the magnetic aggregates 50. Representative diagnostic
techniques include immunoassays, electrochemical assays,
enzyme or chemistry-based assays, culture techniques fol-
lowed by chemical-based assays for identification and sus-
ceptibility testing, assays based on analytical techniques
such as liquid chromatography, mass spectroscopy, electro-
phoresis and other techniques apparent to those of skill in the
art.

Such magnetic techniques for isolating and immobilizing
diagnostic targets 15 from a solution are the subject of U.S.
patent application Ser. No. 12/815,217 filed Jun. 14, 2010
(“System and Method for Magnetically Concentrating and
Detecting Biomarkers™), which is incorporated herein by
reference in its entirety.

Both capture complexes with and without detector com-
plexes 13 are useful in the provided embodiments. If a
detector complex 13 has been added to the solution 10, any
unbound (i.e., excess) detector complex 13' will be present
in the supernatant, as illustrated in FIG. 1G. Excess detector
complex 13' is removed from the solution by a technique
known to those of skill in the art (e.g., by decanting and/or
washing). A concentrated solution 70 results when the
excess detector complexes 13' are removed. Accordingly,
any reporting signal acquired from the solution 70 is the
result of only detector complex 13 bound to a diagnostic
target 15.

In certain embodiments, the solution 10 comprises a
biological fluid that can be any fluid from an organism.
Representative biological fluids are mammalian biological
fluids, such as, for example, blood, mucus, urine, tissue,
sputum, saliva, feces, a nasal swab, and nasopharyngeal
washes.

The diagnostic target 15 is an analyte in the solution 10.
Representative diagnostic targets include antibodies, anti-
gens, cells, viruses, proteins, nucleic acids, and fragments
thereof, as will be described in more detail below.

The systems and methods of the invention also include a
magnetic particle bearing a stimuli-responsive polymer. As
used herein, the term magnetic nanoparticle (MNP)
describes a particle less than 100 nm in diameter that will
magnetophorese when in a solution and exposed to a mag-
netic field of sufficient strength. In certain embodiments, the
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stimuli-responsive magnetic particles consist of a first
stimuli-responsive polymer attached to a magnetic core.

Suitable magnetic particles are particles that are respon-
sive to a magnetic field and magnetophorese through a
medium in response to the application of a magnetic field.
Representative magnetic particles include particles that
include a suitable metal or metal oxide. Suitable metals and
metal oxides include iron, nickel, cobalt, iron platinum, zinc
selenide, ferrous oxide, ferric oxide, cobalt oxide, aluminum
oxide, germanium oxide, tin dioxide, titanium dioxide,
gadolinium oxide, indium tin oxide, cobalt iron oxide,
magnesium iron oxide, manganese iron oxide, and mixtures
thereof.

In one embodiment, the magnetic particles 80 are mag-
netic nanoparticles. In one embodiment, the magnetic nano-
particles have a largest dimension of from about 5 nanome-
ters to about 100 nanometers.

Magnetic particles with attached smart polymers are
known to those of skill in the art. For example, smart
polymers can be conjugated to the surface of magnetic core.
Alternatively, the magnetic core can be formed inside a
micelle formed using stimuli-responsive polymers termi-
nated with micelle-forming moieties, thereby embedding the
micelle-forming moieties within the magnetic core. Such a
technique for forming a smart mNP is described in U.S.
Published Patent Application No. 2008/0220531, the disclo-
sure of which is expressly incorporated herein by reference
in its entirety.

Magnetic nanoparticles improve the kinetics of forming
aggregates 50 compared to a system using micro, or larger,
magnetic particles. The magnetic nanoparticles enable sepa-
ration/enrichment of the diagnostic target bound to the
magnetic nanoparticles when the aggregate size is large
enough to achieve rapid magnetophoretic separations. This
is unlike conventional magnetic enrichment schemes, where
a magnetic particle is conjugated to a targeting ligand and
forms one side of a “sandwich” immunocomplex.

In one embodiment, the magnetic nanoparticles are of a
size and a composition such that a single magnetic nano-
particle will not effect magnetophoretic separation of an
aggregate 50. Magnetophoretic separation is only effected
using the magnetic nanoparticles when aggregated in aggre-
gates 50 comprising a plurality of magnetic nanoparticles.
The aggregates 50 of the invention, therefore, contain a
plurality of magnetic nanoparticles, and a plurality of cap-
ture conjugates, which then are attached to diagnostic tar-
gets, if present in the solution. The plurality of magnetic
nanoparticles in the aggregates 50 provides sufficient para-
magnetism to enable magnetophoretic separation of the
aggregates 50 in the solution.

The magnetophoretic mobility of the aggregates governs
the degree to which an aggregate will magnetophorese. The
magnetic aggregate separation is influenced by many fac-
tors, including the number of individual magnetic particles
in an aggregate, magnetic particle size, magnetic field
strength, and solution viscosity. The magnetophoretic mobil-
ity needs to overcome diffusion before any magnetic sepa-
ration will occur. For example, if a magnet with 32 MGa
maximum energy product is used, the magnetophoretic
mobility can overcome diffusion and control the particle
movement when the aggregates reach a size of about 50 nm,
if iron oxide mNPs are used. Separation speed will improve
with increased field strength, if all other characteristics of
the system remain the same.

After the aggregates 50 are formed in solution, a magnetic
field is applied and the aggregates 50 are immobilized.
Immobilized aggregates 50 can be concentrated (e.g., as
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illustrated in FIG. 1H) and/or washed with a series of
solutions to identify any diagnostic target in the aggregates
50. Any technique known to those of skill in the art is useful
for identifying the diagnostic target.

As an example of a technique for identifying the diag-
nostic target, an enzyme/substrate system is used whereby
an enzyme is conjugated to a second capture moiety effec-
tive in recognizing the diagnostic target of the capture
complex. The enzyme is then attached to the diagnostic
target in the aggregates via the second capture moiety. A
substrate is then added to probe for the presence of the
enzyme. A detectable change of the substrate, as examples a
change in color, or fluorescence, or light (photon) genera-
tion, indicates the presence of the diagnostic target.

Capture Moieties and Target Moieties

The systems and methods disclosed herein include
stimuli-responsive capture conjugates that are capable of
capturing a diagnostic target from a liquid sample.

As used herein, the term “diagnostic target” refers to a
molecule or composition that is indicative of a disease or
condition, an indicator of exposure to a toxin, or a thera-
peutic drug that has been administered to a subject and
whose concentration is to be monitored.

In one embodiment, the diagnostic target is a biomarker.
Biomarkers can be protein, lipid, carbohydrate, or nucleic
acid in nature. For each, the capture moiety has affinity for
the target moiety.

Examples of diseases or conditions that may be detected
are endocrine, cardiac, and infectious diseases or conditions,
and cancer. Suitable biomarkers for each of these are known
to those skilled in the art. The scope of the invention also
includes the detection of a diagnostic target that is a protein
expressed by mammalian or bacterial cells including cells
engineered by recombinant techniques, or the detection of
mammalian cells, viruses, or bacteria themselves, as is
necessary for the assessment of clinical disease including
conditions involving the fetus, and for food safety, or
assessment of environmental conditions.

Other representative cells useful as a diagnostic target
include spores and single-celled organisms (e.g., parasites).

In an exemplary embodiment, the diagnostic target is a
CD4 T-cell. The CD4 test measures the amount of CD4
T-cells that are circulating in a subject’s blood. The CD4 test
is used along with a viral load test to evaluate HIV/AIDS
medical conditions. AIDS is diagnosed when a CD4 cell
counts drop below 200 cells per microliter of blood. Healthy
subjects have a CD4 cell count between 600 and 1,200 cells
per microliter of blood. Individuals with a CD4 cell lower
than 200 cells per microliter of blood have the greatest risk
of developing opportunistic infections. Accordingly, the
reagent and methods disclosed herein are useful, in an
exemplary embodiment, to capture CD4 T-cells using a
capture conjugate capable of binding to CD4 T-cells.

In embodiments of the method of the invention that utilize
a second capture moiety to report the presence of the
diagnostic target, the diagnostic target is capable of binding
to the first and second capture moieties (i.e., is sufficiently
large to be subject to a “sandwich” immunoassay).

In certain embodiments, the diagnostic target is an analyte
indicative of the presence of a disease or condition, as will
be described in more detail below. Representative diseases
include infectious diseases such as human immunodefi-
ciency virus (HIV), malaria, dengue, salmonella, rickettsia,
influenza, chlamydia, and measles. In a representative
embodiment, the infectious disease is present in a subject,
and the presence of the infectious disease within the subject
body produces antibodies or other biological markers that
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indicate the presence of the infectious disease in the body.
Any of these analytes (antibodies or other biological mark-
ers) are diagnostic targets advantageously detected in the
present invention. Representative diagnostic targets include
a p24 protein of human immunodeficiency virus, a PfHRP2
antigen of malaria, an aldolase antigen of malaria, NS 1
antigen of dengue, flagella/somatic/Vi antigens of salmo-
nella, nucleoprotein/hemagglutinin antigens of influenza,
LPS antigen of Chlamydia, and antibodies of diseases
selected from the group including dengue, salmonella, and
rickettsia.

The diagnostic target can be any protein or nucleic acid
related to a disease. In one embodiment, the diagnostic target
is an antibody against hepatitis B virus. In one embodiment,
the diagnostic target is an antibody against hepatitis C virus.
In one embodiment, the diagnostic target is an antibody
against AIDS virus. In one embodiment, the diagnostic
target is the malaria parasitic antigen, or the antiplasmodial
antibodies, or the parasitic metabolic products, or the plas-
modia nucleic acid fragments. In one embodiment, the
diagnostic target is an antibody against tuberculosis bacteria.
In one embodiment, the diagnosis target is a dengue fever
virus or antibody.

In one embodiment, the diagnostic target is an antibody
and the capture moiety is an antigen. In one embodiment, the
diagnostic target is an antigen and the capture moiety is an
antibody. In one embodiment, the diagnostic target is a
nucleic acid oligomer (RNA or DNA) and the capture
moiety is a complementary nucleic acid oligomer. In one
embodiment, the diagnostic target is a nucleic acid oligomer
(an RNA or a DNA) and the capture moiety is a protein. In
one embodiment, the diagnostic target is a protein and the
capture moiety is a nucleic acid oligomer (RNA or DNA). In
one embodiment, the diagnostic target is an enzyme and the
capture moiety is a substrate. In one embodiment, the
diagnostic target is an enzyme substrate and the capture
moiety is an enzyme.

A capture moiety and a diagnostic target form a binding
pair. Each has an affinity toward the other (e.g., antigen and
antibody). Each of the capture moiety and the diagnostic
target can be a variety of different molecules, including
peptides, proteins, poly- or oligosaccharides, glycoproteins,
lipids and lipoproteins, and nucleic acids, as well as syn-
thetic organic or inorganic molecules having a defined
bioactivity, such as an antibiotic or anti-inflammatory agent,
that binds to a target site, such as a cell membrane receptor.
Exemplary proteins include antibodies (monoclonal, poly-
clonal, chimeric, single-chain or other recombinant forms),
their protein/peptide antigens, protein/peptide hormones,
streptavidin, avidin, protein A, protein G, growth factors and
their respective receptors, DNA-binding proteins, cell mem-
brane receptors, endosomal membrane receptors, nuclear
membrane receptors, neuron receptors, visual receptors, and
muscle cell receptors. Exemplary oligonucleotides include
DNA (genomic or cDNA), RNA, antisense, ribozymes, and
external guide sequences for RNAase P, and can range in
size from short oligonucleotide primers up to entire genes.
Carbohydrates include tumor associated carbohydrates (e.g.,
Le*, sialyl Le”, Le”, and others identified as tumor associated
as described in U.S. Pat. No. 4,971,905, incorporated herein
by reference), carbohydrates associated with cell adhesion
receptors (e.g., Phillips et al, Science 250:1130-1132,
1990), and other specific carbohydrate binding molecules
and mimetics thereof which are specific for cell membrane
receptors.

In one embodiment, the capture moiety is an antibody and
the diagnostic target is an antigen. In another embodiment,
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both the capture moiety and the diagnostic target are protein.
In another embodiment, the capture moiety is a nucleic acid
(DNA or RNA) and the diagnostic target is a complementary
nucleic acid (DNA or RNA). In another embodiment, the
diagnostic target is a nucleic acid (DNA or RNA) and the
capture moiety is a protein. In another embodiment, the
capture moiety is a cell membrane receptor and the diag-
nostic target is a ligand. In another embodiment, the capture
moiety is an enzyme and the diagnostic target is a substrate.
In another embodiment, the capture moiety is biotin, or a
biotin derivative, and the diagnostic target is streptavidin or
avidin conjugate of a diagnostic target. In another embodi-
ment, the capture moiety is an avidin (e.g., streptavidin) and
the diagnostic target is a biotinylated material effective for
binding the diagnostic target.

Among the proteins, streptavidin is particularly useful as
a model for other capture moiety-diagnostic target binding
pair systems described herein, and also a component useful
in many indirect separations and diagnostic technologies,
which use the very strong association of the streptavidin-
biotin affinity complex. (Wilchek and Bayer, Avidin-Biotin
Technology, New York, Academic Press, Inc., 1990; and
Green, Meth. Enzymol. 184:51-67. Protein G, a protein that
binds IgG antibodies (Achari et al., Biochemistry 31:10449-
10457, 1992, and Akerstrom and Bjorck, J. Biol. Chem.
261:10240-10247, 1986) is also useful as a model system.
Representative immunoaffinity molecules include engi-
neered single chain Fv antibody (Bird et al., Science 242:
423-426, 1988 and U.S. Pat. No. 4,946,778 to Ladner et al.,
incorporated herein by reference, Fab, Fab', and monoclonal
or polyclonal antibodies.

As used herein, the term “avidin” refers to any biotin-
binding protein other than an immunoglobulin that binds
biotin including both natural proteins and recombinant and
genetically engineered proteins. The term includes the two
common biotin-binding proteins known as “egg white” or
“avian” avidin and “streptavidin.” Egg white or avian avi-
din, commonly referred to simply as avidin, is a protein that
is a constituent of egg white and forms a noncovalent
complex with biotin. Streptavidin is a protein isolated from
the actinobacterium Streptomyces avidinii and also forms a
noncovalent complex with biotin. Other bacterial sources of
biotin binding proteins are also known. Both egg white
avidin and streptavidin are tetrameric proteins in which the
biotin binding sites are arranged in pairs on opposite faces
of the avidin molecule. The term also refers to avidin
derivatives including succinyl avidin, ferritin avidin,
enzyme avidin, and crosslinked avidin. The term “biotin”
refers to any one of a variety of biotin derivatives and
analogs that are effective in avidin binding. Suitable biotin
moieties include those moieties that enable the biotinylated
peptide fragment to be isolated by avidin and related avidin
proteins. Representative biotin moieties include biotin
derivatives such as iminobiotin, biocytin, and caproylami-
dobiotin, and biotin analogs such as desthiobiotin and biotin
sulfone.

Other binding pairs include concanavalin A and other
lectins known to those skilled in the art, which have affinity
for specific sugars (e.g., mannose, glucose, and galactose).

Stimuli-Responsive Polymers

A central feature of the present invention is the use of
“stimuli-responsive polymers”. As used herein, the term
“stimuli-responsive polymers” refers to a class of polymers
(or polymer moieties) that exhibit a change from a hydro-
phobic state to a hydrophilic state as the result of an
environmental stimulus.
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As noted above, each of the magnetic particle and the
non-magnetic particle bears a stimuli-responsive polymer.
The presence of the stimuli-responsive polymer provides for
the formation of the aggregate on the application of an
appropriate stimulus. For example, when the magnetic and
non-magnetic particles bear a thermally-responsive poly-
mer, the aggregate is formed by heating the liquid to a
temperature above the lower critical solution temperature of
the thermally-responsive polymer (e.g., a polymer compris-
ing N-isopropylacrylamide repeating units, an N-isopropy-
lacrylamide polymer or copolymer). When the magnetic and
non-magnetic particles bear a pH-responsive polymer, the
aggregate is formed by adjusting the pH of the liquid to a pH
that causes the polymers to become associative (e.g., a
polymer comprising acrylic acid or alkylacrylic acid repeat-
ing units, an acrylic acid or alkylacrylic acid polymer or
copolymer). A representative pH-responsive polymer is an
N-isopropylacrylamide/methylacrylic acid/tert-butyl meth-
acrylate copolymer such as poly(N-isopropylacrylamide-co-
methylacrylic acid-co-tert-butyl methacrylate. When the
magnetic and non-magnetic particles bear an ionic strength-
responsive polymer, the aggregate is formed by adjusting the
ionic strength of the liquid such that the polymers become
associative. Similarly, when the magnetic and non-magnetic
particles bear a light-responsive polymer, the aggregate is
formed by irradiating the liquid with a wavelength of light
effective to cause the polymers to become associative.

An effective stimulus to the stimuli-responsive polymer is
one that changes the degree to which the stimuli-responsive
polymer is hydrophilic, and, relatedly, the degree to which
the stimuli-responsive polymer is hydrophobic. Such an
effective stimulus is typically caused by the chemical
makeup of the stimuli-responsive polymer, as described in
more detail below.

Two representative stimuli-responsive polymers useful in
the present invention are temperature-responsive polymers
and pH-responsive polymers. As used herein, the term
“temperature-responsive polymer” refers to polymers that
are reversibly self-associative in response to temperature.
Particularly, above a lower critical solution temperature
(LCST), temperature-responsive polymers are self-associa-
tive, meaning the polymers bind to themselves and other
similar temperature-responsive polymers. Below the LCST,
the polymer is hydrophilic and highly solvated, while above
the LCST, it is aggregated and phase separated. Of use in the
present invention is the sharp transition from individual
chains to the aggregated state over a very narrow tempera-
ture range of a few degrees. The change is completely
reversible, and reversal of the stimulus results in the polymer
going back into solution rapidly.

Similarly, pH-responsive polymers transition from hydro-
phobic to hydrophilic based on a critical pH. PH-responsive
polymers are known to those of skill in the art, and are
described in the context of affinity binding in U.S. Pat. No.
7,625,764, incorporated herein by reference in its entirety.
Representative pH-responsive polymers include polymers
formed from monomers that include acrylic acid, meth-
acrylic acid, propyl acrylic acid, butyl acrylate, butyl meth-
acrylate, and alkyl-substituted acrylic acids in general.

Other responsive polymers are known to those of skill in
the art, for example light-sensitive polymers. Any polymer
capable of forming aggregates, as disclosed herein, is useful
in the present invention.

The present invention is primarily disclosed in terms of
temperature-responsive polymers. However, it will be
appreciated by those of skill in the art that pH-responsive
polymers, or other stimuli-responsive polymers, can be
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substituted for temperature-responsive polymers in the
methods and devices disclosed herein.

Additionally, some polymers are both temperature- and
pH-responsive. Therefore, certain methods and devices of
the invention include the use of both temperature and pH to
aggregate polymers.

The stimuli-responsive polymers coupled to the magnetic
nanoparticles and capture moieties can be either the same or
different in composition (i.e., species of polymer) and type
(i.e., the stimulus the polymer responds to), as long as
aggregation between the magnetic nanoparticles and capture
moieties can be effectively induced by one or more stimuli.

Temperature-responsive polymers are known to those of
skill in the art, with the most common being poly(N-
isopropylacrylamide) (PNIPAAm). Other temperature-re-
sponsive polymers include those formed from monomers
including dimethylaminoethyl acrylamide, ethylene oxide,
and elastin-like polypeptide.

As set forth in U.S. Pat. No. 7,625,764, incorporated
herein by reference in its entirety, temperature-responsive
polymers can be used to bind two or more distinct objects
(e.g., particles, molecules, etc.) through the self-associative
interaction of temperature-responsive polymer moieties
attached to each object in a solution above the LCST.

The presence of the stimuli-responsive polymer moiety on
a conjugate provides for the formation of the aggregate on
the application of an appropriate stimulus. For example,
when the conjugates bear a thermally-responsive polymer,
the aggregate is formed by heating the liquid to a tempera-
ture above the lower critical solution temperature of the
thermally-responsive polymer (e.g., a polymer comprising
N-isopropylacrylamide repeating units, an N-isopropylacry-
lamide polymer or copolymer). When the conjugates bear a
pH-responsive polymer, the aggregate is formed by adjust-
ing the pH of the liquid to a pH that causes the polymers to
become associative (e.g., a polymer comprising acrylic acid
or alkylacrylic acid repeating units, an acrylic acid or
alkylacrylic acid polymer or copolymer). A representative
pH-responsive polymer is an N-isopropylacrylamide/methy-
lacrylic acid/tert-butyl methacrylate copolymer such as poly
(N-isopropylacrylamide-co-methylacrylic acid-co-tert-butyl
methacrylate. When the conjugates bear an ionic strength-
responsive polymer, the aggregate is formed by adjusting the
ionic strength of the liquid such that the polymers become
associative. Similarly, when the conjugates bear a light-
responsive polymer, the aggregate is formed by irradiating
the liquid with a wavelength of light effective to cause the
polymers to become associative.

The stimuli-responsive polymer can be any polymer hav-
ing a stimuli-responsive property. The stimuli-responsive
polymer can be any one of a variety of polymers that change
their associative properties (e.g., change from hydrophilic to
hydrophobic) in response to a stimulus. The stimuli-respon-
sive polymer responds to changes in external stimuli such as
the temperature, pH, light, photo-irradiation, exposure to an
electric field, ionic strength, and the concentration of certain
chemicals by exhibiting property change. For example, a
thermally-responsive polymer is responsive to changes in
temperature by exhibiting a LCST in aqueous solution. The
stimuli-responsive polymer can be a multi-responsive poly-
mer, where the polymer exhibits property change in
response to combined simultaneous or sequential changes in
two or more external stimuli.

The stimuli-responsive polymers may be synthetic or
natural polymers that exhibit reversible conformational or
physio-chemical changes such as folding/unfolding transi-
tions, reversible precipitation behavior, or other conforma-
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tional changes to in response to stimuli, such as to changes
in temperature, light, pH, ions, or pressure. Representative
stimuli-responsive polymers include temperature-sensitive
polymers (also referred to herein as “temperature-responsive
polymers” or “thermally-responsive polymers™), pH-sensi-
tive polymers (also referred to herein as “pH-responsive
polymers™), and light-sensitive polymers (also referred to
herein as “light-responsive polymers”).

Stimuli-responsive polymers useful in making the par-
ticles described herein can be any, which are sensitive to a
stimulus that causes significant conformational changes in
the polymer. Illustrative polymers described herein include
temperature-, pH-, ion- and/or light-sensitive polymers.
Hoffman, A. S., “Intelligent Polymers in Medicine and
Biotechnology”, Artif. Organs. 19:458-467, 1995; Chen, G.
H. and A. S. Hoffman, “A New Temperature- and Ph-
Responsive Copolymer for Possible Use in Protein Conju-
gation”, Macromol. Chem. Phys. 196:1251-1259. 1995; Irie,
M. and D. Kungwatchakun, “Photoresponsive Polymers.
Mechanochemistry of Polyacrylamide Gels Having Triph-
enylmethane Leuco Derivatives”, Makromol. Chem., Rapid
Commun. 5:829-832, 1985; and Irie, M., “Light-induced
Reversible Conformational Changes of Polymers in Solu-
tion and Gel Phase”, ACS Polym. Preprints, 27(2):342-343,
1986; which are incorporated by reference herein.

Representative stimuli-responsive oligomers and poly-
mers useful in the embodiments described herein can be
synthesized that range in molecular weight from about 1,000
to 100,000 Daltons. In one embodiment, these syntheses are
based on the chain transfer-initiated free radical polymer-
ization of vinyl-type monomers, as described herein, and by
(1) Tanaka, T., “Gels”, Sci. Amer. 244:124-138. 1981; (2)
Osada, Y. and S. B. Ross-Murphy, “Intelligent Gels”, Sci.
Amer, 268:82-87, 1993; (3) Hoffman, A. S., “Intelligent
Polymers in Medicine and Biotechnology”, Art Organs
19:458-467, 1995; also Macromol. Symp. 98:645-664, 1995,
(4) Feijen, J., et al., “Thermosensitive Polymers and Hydro-
gels Based on N-isopropylacrylamide”, 11¢h European Conf
on Biomtls: 256-260, 1994; (5) Monji, N. and A. S. Hoff-
man, “A Novel Immunoassay System and Bioseparation
Process Based on Thermal Phase Separating Polymers”,
Appl. Biochem. and Biotech. 14:107-120, 1987; (6)
Fujimura, M., T. Mori and T. Tosa, “Preparation and Prop-
erties of Soluble-Insoluble Immobilized Proteases”, Biotech.
Bioeng. 29:747-752, 1987; (7) Nguyen, A. L. and J. H. T.
Luong, “Synthesis and Applications of Water-Soluble Reac-
tive Polymers for Purification and Immobilization of
Biomolecules™, Biotech. Bioeng. 34:1186-1190, 1989; (8)
Taniguchi, M., et al., “Properties of a Reversible Soluble-
Insoluble Cellulase and Its Application to Repeated Hydro-
lysis of Crystalline Cellulose”, Biotech. Bioeng. 34:1092-
1097, 1989; (9) Monji, N., et al., “Application of a
Thermally-Reversible Polymer-Antibody Conjugate in a
Novel Membrane-Based Immunoassay”, Biochem. and Bio-
phys. Res. Comm. 172:652-660, 1990; (10) Monji, N. C. A.
Cole, and A. S. Hoffman, “Activated, N-Substituted Acryl-
amide Polymers for Antibody Coupling: Application to a
Novel Membrane-Based Immunoassay”, J. Biomtls. Sci.
Polymer Ed. 5:407-420, 1994; (11) Chen, J. P. and A. S.
Hoffman, ‘“Polymer-Protein Conjugates: Affinity Precipita-
tion of Human IgG by Poly(N-Isopropyl Acrylamide)-Pro-
tein A Conjugates”, Biomtls. 11:631-634, 1990; (12) Park, T.
G. and A. S. Hoffman, “Synthesis and Characterization of a
Soluble,  Temperature-Sensitive  Polymer-Conjugated
Enzyme, J. Biomtls. Sci. Polymer Ed. 4:493-504, 1993; (13)
Chen, G. H., and A. S. Hoftman, Preparation and Properties
of Thermo-Reversible, Phase-Separating Enzyme-Oligo(NI-
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PAAm) Conjugates”, Bioconj. Chem. 4:509-514, 1993; (14)
Ding, 7. L., et al., “Synthesis and Purification of Thermally-
Sensitive Oligomer-Enzyme Conjugates of Poly(NIPAAm)-
Trypsin®, Bioconj. Chem. 7: 121-125, 1995; (15) Chen, G.
H. and A. S. Hoffman, “A New Temperature- and pH-
Responsive Copolymer for Possible Use in Protein Conju-
gation”, Macromol. Chem. Phys. 196:1251-1259, 1995; (16)
Takei, Y. G., et al., “Temperature-responsive Bioconjugates.
1. Synthesis of Temperature-Responsive Oligomers with
Reactive End Groups and their Coupling to Biomolecules”,
Bioconj. Chem. 4:42-46, 1993; (17) Takei, Y. G., et al,,
“Temperature-responsive Bioconjugates. 2. Molecular
Design for Temperature-modulated Bioseparations”, Bio-
conj. Chem. 4:341-346, 1993; (18) Takei, Y. G., et al,,
“Temperature-responsive Bioconjugates. 3. Antibody-Poly
(N-isopropylacrylamide) Conjugates for Temperature-
Modulated Precipitations and Affinity Bioseparations”, Bio-
conj. Chem. 5:577-582, 1994; (19) Matsukata, M., et al.,
“Temperature Modulated Solubility-Activity Alterations for
Poly(N-Isopropylacrylamide)-Lipase Conjugates”, J. Bio-
chem. 116:682-686, 1994; (20) Chilkoti, A., et al., “Site-
Specific Conjugation of a Temperature-Sensitive Polymer to
a Genetically-Engineered Protein”, Bioconj. Chem. 5:504-
507, 1994; and (21) Stayton, P. S., et al., “Control of
Protein-Ligand Recognition Using a Stimuli-Responsive
Polymer”, Nature 378:472-474, 1995.

The stimuli-responsive polymers useful herein include
homopolymers and copolymers having stimuli-responsive
behavior. Other suitable stimuli-responsive polymers
include block and graft copolymers having one or more
stimuli-responsive polymer components. A suitable stimuli-
responsive block copolymer may include, for example, a
temperature-sensitive polymer block, or a pH-sensitive
block. A suitable stimuli-responsive graft copolymer may
include, for example, a pH-sensitive polymer backbone and
pendant temperature-sensitive polymer components, or a
temperature-sensitive polymer backbone and pendant pH-
sensitive polymer components.

The stimuli-responsive polymer can include a polymer
having a balance of hydrophilic and hydrophobic groups,
such as polymers and copolymers of N-isopropylacrylam-
ide. An appropriate hydrophilic/hydrophobic balance in a
smart vinyl type polymer is achieved, for example, with a
pendant hydrophobic group of about 2-6 carbons that hydro-
phobically bond with water, and a pendant polar group such
as an amide, acid, amine, or hydroxyl group that H-bond
with water. Other polar groups include sulfonate, sulfate,
phosphate, and ammonium ionic groups. Preferred embodi-
ments are for 3-4 carbons (e.g., propyl, isopropyl, n-butyl,
isobutyl, and t-butyl) combined with an amide group (e.g.
PNIPAAm), or 2-4 carbons (e.g., ethyl, propyl, isopropyl,
n-butyl, isobutyl, and t-butyl) combined with a carboxylic
acid group (e.g., PPAA). There is also a family of smart
A-B-A (also A-B-C) block copolymers of polyethers, such
as PLURONIC polymers having compositions of PEO-
PPO-PEO, or polyester-ether compositions such as PLGA-
PEG-PLGA. In one embodiment, the stimuli-responsive
polymer is a temperature responsive polymer, poly(N-iso-
propylacrylamide) (PNIPAAm).

The stimuli-responsive polymer useful in the invention
can be a smart polymer having different or multiple stimuli
responsivities, such as homopolymers responsive to pH or
light. Block, graft, or random copolymers with dual sensi-
tivities, such as pH and temperature, light and temperature,
or pH and light, may also be used.

Tustrative embodiments of the many different types of
thermally-responsive polymers that may be conjugated to
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interactive molecules are polymers and copolymers of
N-isopropyl acrylamide (NIPAAm). PolyNIPAAm is a ther-
mally-responsive polymer that precipitates out of water at
32° C., which is its lower critical solution temperature
(LCST), or cloud point (Heskins and Guillet, J. Macromol.
Sci.-Chem. A2:1441-1455, 1968). When polyNIPAAm is
copolymerized with more hydrophilic comonomers such as
acrylamide, the LCST is raised. The opposite occurs when
it is copolymerized with more hydrophobic comonomers,
such as N-t-butyl acrylamide. Copolymers of NIPAAm with
more hydrophilic monomers, such as AAm, have a higher
LCST, and a broader temperature range of precipitation,
while copolymers with more hydrophobic monomers, such
as N-t-butyl acrylamide, have a lower LCST and usually are
more likely to retain the sharp transition characteristic of
PNIPAAm (Taylor and Cerankowski, J. Polymer Sci.
13:2551-2570, 1975; Priest et al., ACS Symposium Series
350:255-264, 1987, and Heskins and Guillet, J. Macromol.
Sci.-Chem. A2:1441-1455, 1968, the disclosures of which
are incorporated herein). Copolymers can be produced hav-
ing higher or lower LCSTs and a broader temperature range
of precipitation.

Thermally-responsive oligopeptides also may be incorpo-
rated into the conjugates.

Synthetic pH-responsive polymers useful in making the
conjugates described herein are typically based on pH-
sensitive vinyl monomers, such as acrylic acid (AAc),
methacrylic acid (MAAc) and other alkyl-substituted acrylic
acids such as ethylacrylic acid (EAAc), propylacrylic acid
(PAAc), and butylacrylic acid (BAAc), maleic anhydride
(MAnh), maleic acid (MAc), AMPS (2-acrylamido-2-
methyl-1-propanesulfonic acid), N-vinyl formamide (NVA),
N-vinyl acetamide (NVA) (the last two may be hydrolyzed
to polyvinylamine after polymerization), aminoethyl meth-
acrylate (AEMA), phosphoryl ethyl acrylate (PEA) or meth-
acrylate (PEMA). pH-Responsive polymers may also be
synthesized as polypeptides from amino acids (e.g., polyly-
sine or polyglutamic acid) or derived from naturally-occur-
ring polymers such as proteins (e.g., lysozyme, albumin,
casein), or polysaccharides (e.g., alginic acid, hyaluronic
acid, carrageenan, chitosan, carboxymethyl cellulose) or
nucleic acids, such as DNA. pH-Responsive polymers usu-
ally contain pendant pH-sensitive groups such as —OPO
(OH),, —COOH, or —NH, groups. With pH-responsive
polymers, small changes in pH can stimulate phase-separa-
tion, similar to the effect of temperature on solutions of
PNIPAAm (Fujimura et al. Biotech. Bioeng. 29:747-752
(1987)). By randomly copolymerizing a thermally-sensitive
NIPAAm with a small amount (e.g., less than 10 mole
percent) of a pH-sensitive comonomer such as AAc, a
copolymer will display both temperature and pH sensitivity.
Its LCST will be almost unaffected, sometimes even lowered
a few degrees, at pHs where the comonomer is not ionized,
but it will be dramatically raised if the pH-sensitive groups
are ionized. When the pH-sensitive monomer is present in a
higher content, the LCST response of the temperature-
sensitive component may be “eliminated” (e.g., no phase
separation seen up to and above 100° C.).

Graft and block copolymers of pH and temperature-
sensitive monomers can be synthesized that retain both pH
and temperature transitions independently. Chen, G. H., and
A. S. Hoffman, Nature 373:49-52, 1995. For example, a
block copolymer having a pH-sensitive block (polyacrylic
acid) and a temperature-sensitive block (PNIPAAm) can be
useful in the invention.

Light-responsive polymers usually contain chromophoric
groups pendant to or along the main chain of the polymer
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and, when exposed to an appropriate wavelength of light,
can be isomerized from the trans to the cis form, which is
dipolar and more hydrophilic and can cause reversible
polymer conformational changes. Other light sensitive com-
pounds can also be converted by light stimulation from a
relatively non-polar hydrophobic, non-ionized state to a
hydrophilic, ionic state.

In the case of pendant light-sensitive group polymers, the
light-sensitive dye, such as aromatic azo compounds or
stilbene derivatives, may be conjugated to a reactive mono-
mer (an exception is a dye such as chlorophyllin, which
already has a vinyl group) and then homopolymerized or
copolymerized with other conventional monomers, or copo-
lymerized with temperature-sensitive or pH-sensitive mono-
mers using the chain transfer polymerization as described
above. The light sensitive group may also be conjugated to
one end of a different (e.g., temperature) responsive poly-
mer. A number of protocols for such dye-conjugated mono-
mer syntheses are known.

Although both pendant and main chain light sensitive
polymers may be synthesized and are useful for the methods
and applications described herein, the preferred light-sensi-
tive polymers and copolymers thereof are typically synthe-
sized from vinyl monomers that contain light-sensitive pen-
dant groups. Copolymers of these types of monomers are
prepared with “normal” water-soluble comonomers such as
acrylamide, and also with temperature- or pH-sensitive
comonomers such as NIPAAm or AAc.

Light-sensitive compounds may be dye molecules that
isomerize or become ionized when they absorb certain
wavelengths of light, converting them from hydrophobic to
hydrophilic conformations, or they may be other dye mol-
ecules, which give off heat when they absorb certain wave-
lengths of light. In the former case, the isomerization alone
can cause chain expansion or collapse, while in the latter
case the polymer will precipitate only if it is also tempera-
ture-sensitive.

Light-responsive polymers usually contain chromophoric
groups pendant to the main chain of the polymer. Typical
chromophoric groups that have been used are the aromatic
diazo dyes (Ciardelli, Biopolymers 23:1423-1437, 1984;
Kungwatchakun and Irie, Makromol. Chem., Rapid Com-
mun. 9:243-246, 1988, Lohmann and Petrak, CRC C¥it. Rev.
Therap. Drug Carrier Systems 5:263, 1989; Mamada et al.,
Macromolecules 23:1517, 1990, each of which is incorpo-
rated herein by reference). When this type of dye is exposed
10 350-410 nm UV light, the trans form of the aromatic diazo
dye, which is more hydrophobic, is isomerized to the cis
form, which is dipolar and more hydrophilic, and this can
cause polymer conformational changes, causing a turbid
polymer solution to clear, depending on the degree of
dye-conjugation to the backbone and the water solubility of
the main unit of the backbone. Exposure to about 750 nm
visible light will reverse the phenomenon. Such light-sen-
sitive dyes may also be incorporated along the main chain of
the backbone, such that the conformational changes due to
light-induced isomerization of the dye will cause polymer
chain conformational changes. Conversion of the pendant
dye to a hydrophilic or hydrophobic state can also cause
individual chains to expand or contract their conformations.
When the polymer main chain contains light sensitive
groups (e.g., azo benzene dye) the light-stimulated state may
actually contract and become more hydrophilic upon light-
induced isomerization. The light-sensitive polymers can
include polymers having pendant or backbone azobenzene
groups.
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Polysaccharides, such as carrageenan, that change their
conformation, for example, from a random to an ordered
conformation, as a function of exposure to specific ions,
such as potassium or calcium, can also be used as the
stimuli-responsive polymers. In another example, a solution
of sodium alginate may be gelled by exposure to calcium.
Other specific ion-sensitive polymers include polymers with
pendant ion chelating groups, such as histidine or EDTA.

Polymers that are responsive to changes in ionic strength
can also be used.

Antibody-Antigen Assay

FIGS. 2A through 2F illustrate an exemplary embodiment
wherein the aggregates comprise an antigen diagnostic tar-
get 115.

Referring to FIG. 2A, a smart regent solution 110 is
provided comprising capture conjugates 120, each of which
comprise a first capture moiety 121 (illustrated as an anti-
body) and a temperature-responsive polymer moiety 123.
The solution 110 further comprises magnetic particles 80,
similar to those described with regard to FIG. 1A-1H.

Referring to FIG. 2B, the antigen diagnostic target 115 is
bound to a capture conjugate 120. The capture conjugates
120 bind (e.g., spontaneously) to the diagnostic targets 115
to form capture complexes 135.

The first capture moiety 121 is, therefore, defined as a
moiety having a binding affinity to the diagnostic target 115.
Depending on the composition of the diagnostic target 115,
the first capture moiety 121 may be an antibody, an antigen,
or other chemical functional group having a binding affinity
to the diagnostic target 151.

The first capture moiety 121 can also be part of a serology
system whereby the capture conjugate 120 may comprise
three or more moieties to provide binding to an anti-
[disease] antibody. In such an embodiment, the capture
conjugate 120 comprises the temperature-responsive poly-
mer moiety 123, and a first capture moiety 121 comprising
an anti-[disease| antigen antibody bound to a disease antigen
via the antibody. The antigen on the first capture moiety 121
then provides binding to the anti-[disease] antibody, which
is the diagnostic target 115.

The temperature-responsive polymer moiety 123 is bound
to the first capture moiety 121 so as to form the capture
conjugate 120. The temperature-responsive polymer moiety
is self-associative in response to temperature change greater
than the LCST, as has been described previously. Represen-
tative temperature-responsive polymer moieties are pNI-
PAAm moieties.

The capture conjugate 120 (and further conjugates, such
as the reporting conjugate and the magnetic particles
described herein) can be in a dried form and added to the
biological fluid 110 or solvated in a solution added to the
biological fluid 110. One advantage of the use of dried
capture conjugate 120 is to avoid the need for refrigeration
of a solution containing solvated capture conjugate 120.

Aggregates 350 of the capture complex 135 are formed,
with reference to FIG. 2C, for example, by providing the
capture complexes 135 heated above the LLCST of the
temperature-responsive polymer moieties on each of the
capture conjugates 120 and smart mNPs 80. This rise in
temperature above the LCST causes the temperature-respon-
sive polymer moieties to become self-associative so as to
form aggregates 350 comprising a plurality of capture
complexes 135 bound together with smart mNPs 80 through
the associative binding between temperature-responsive
polymer moieties on each.

In the present invention, the immobilization of the diag-
nostic target 115 is accomplished in one embodiment by first
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aggregating the aggregates 350. The solution 110 is then
pushed through a membrane 60 (e.g., filter) having a surface
chemistry that adheres the aggregates 350 to membrane 60
upon contact. As illustrated in FIG. 2D, the membrane 60
collects the aggregates 350 from solution after the solution
is passed through the filter 60. The aggregates 350 are
immobilized on the surface of the membrane 60.

Regarding immobilization of the aggregates 350 on the
membrane 60, any mechanism for immobilization can be
implemented in the present invention. Particularly useful are
chemical adhesion means. Representative chemical adhe-
sion means include hydrogen bonding between at least one
moiety on the aggregate 350 and the membrane 60; and
hydrophobic-hydrophobic  (or  hydrophilic-hydrophilic)
associative binding. Associative binding can be between the
aggregate 350 and an untreated membrane (e.g., hydroxy-
lated nylon) or a membrane having temperature-responsive
moieties attached thereto.

After immobilization, the aggregates 350 can be further
processed to identify the diagnostic targets 115 using meth-
ods known to those of skill in the art. For example, the
aggregates 350 can be washed with a solution, or series of
solutions, containing the reagents to perform visual indica-
tion of the presence of the diagnostic target 115, such as an
enzyme-based visual indicator or using a gold particle-based
visual indicator known to those of skill in the art. Alterna-
tively, the immobilized aggregates 350 can be re-solvated in
a relatively small amount of solvent and tested by lateral
flow or other techniques known to those of skill in the art.

As illustrated in FIG. 2E, a magnet 90 can be used to
immobilize the aggregates 350 in a magnetic field so as to
concentrate the aggregates 350 in the biological fluid 310.
Then, using techniques known to those of skill in the art, the
supernatant of the solution above the liquid level of the
aggregates 350 can be removed to provide a concentrated
solution 170, as illustrated in FIG. 2F, that contains all of the
aggregates 350 previously in the larger volume of the
solution 110. By increasing the concentration of the aggre-
gates 350, the concentrated solution 170 can then be further
processed, for example, by lateral flow methods to provide
a stronger signal for detection of the diagnostic target 115
compared to a more dilute solution without co-aggregation
and isolation.

Aggregates Comprising Reporting Moieties

Referring to FIGS. 3A through 3C, a series of diagram-
matic illustrations similar to aspects of FIGS. 1A through 2F
are presented. Similar to FIGS. 1A through 2F, the purpose
of the steps illustrated in FIGS. 3A through 3C is to
immobilize a diagnostic target 115 for identification. How-
ever, in the embodiments illustrated in FIGS. 3 A through 3C,
a detector moiety 243 (e.g., a visual indicator) is incorpo-
rated into the process.

Referring to FIG. 3A, a solution 210 is provided com-
prising a biological fluid, the diagnostic target 115, a capture
conjugate 120 comprising a first binding moiety and a
temperature-responsive polymer moiety, a smart mNP 80,
and a detector conjugate 240 comprising a second binding
moiety 241 and a reporting moiety 243.

Regarding the reporting conjugate 240, the second bind-
ing moiety 241 has a binding affinity to the diagnostic target
115 such that the second binding moiety 241 will bind to the
diagnostic target 115 when in close proximity in solution.
The second binding moiety 241 can be any binding moiety
capable of binding to the diagnostic target 115, similar to the
first binding moiety described above.

The detector moiety 243 is a moiety that assists in
reporting the presence of the diagnostic target 115. In one
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embodiment, the reporting moiety is selected from the group
consisting of a metallic particle and a reporting enzyme. In
one embodiment, the metallic particle is a gold particle.
Gold particles are useful in visually identifying diagnostic
targets 115 in the present invention because a sufficient
concentration of gold particles will produce a color identi-
fiable to human or mechanical vision so as to provide a
simple, positive identification of a diagnostic target 115
attached to a gold particle.

Additional reporting moieties include luminescent moi-
eties, as are known to those of skill in the art.

Reporting enzymes are also useful as a reporting moiety.
The use of enzymes for visual identification is well known
to those of skill in the art, such as in enzyme-linked
immunosorbent assay (ELISA) techniques. If a reporting
enzyme is the detector moiety 243 on the detector conjugate
240, the reporting enzyme can be later processed so as to
contact a substrate to the enzyme, wherein the substrate
produces, for example, a color change detectable by human
or mechanical vision.

Referring to FIG. 3B, the detector conjugates 240 and
capture conjugates 120 both bind to the diagnostic target 115
to form a capture complex 235.

Referring to FIG. 3C, a plurality of capture complexes
235, along with smart mNPs 80 aggregate after an effective
stimulus is applied to the solution 210 (e.g., a temperature
above the LCST of the temperature-responsive polymer
moieties is provided). The resulting aggregates 250 com-
prise a plurality of capture complexes 235, each capture
complex comprising at least one diagnostic target 115 and at
least one detector moiety 243.

Similar to the description above with reference to FIGS.
1F-1H, the aggregates 250 can be immobilized, concen-
trated, or otherwise isolated to aid in analysis. Typically the
aggregates 250 are washed, or other measures are taken to
remove unbound detector conjugates 240. After excess
detector conjugate 240 is removed, any detected detector
moieties 243 is attached to a diagnostic target 115. The
detector moieties 243 typically provide, for example, a
visual indication of the presence of the diagnostic target 115.
That is, if a color appears, that color is definitively the result
of a large number of aggregates 250, each containing at least
one detector moiety 243 and one diagnostic target 115.
Therefore, the detectable color change can be positively
stated as being attributable to the presence of the diagnostic
target 115 in the solution.

It will be appreciated by those of skill in the art that
additional processing steps may be required after the aggre-
gates 250 are immobilized from the solution. For example,
additional reagents may be passed over the aggregates 250
so as to effect color change if an enzyme is used.
Multiple-Diagnostic Targets

While the embodiments disclosed herein have been
described with reference to a single diagnostic target, it will
be appreciated that the methods can be modified to test for
multiple diagnostic targets.

For example, in certain embodiments, first capture con-
jugates and second capture conjugates are provided in a
solution, wherein the first capture conjugates will bind to a
first diagnostic target and the second capture conjugates will
bind to a second diagnostic target. When the capture con-
jugates are combined with smart MNPs in a biological
solution, any of the first and second diagnostic targets in the
solution will be bound to the respective capture conjugate to
form capture complexes. The capture complexes are then
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aggregated with the smart MNPs to form aggregates that are
isolated or otherwise tested to detect the first and second
diagnostic targets.

The number of diagnostic targets for which the provided
embodiments are capable of isolating is limited only by the
compatibility of the components of the assay (e.g., non-
specific binding or immiscibility).

As an example, U.S. Patent Application Publication No.
2011/0003392, the disclosure of which is incorporated
herein by reference in its entirety, demonstrates the viability
of capturing multiple types of diagnostic targets from a
single solution using two different types of capture moieties.

Separation Efficiency of Aggregates

Experimental results indicate that the magnetic separation
of aggregates is at least 90% effective in concentrating
aggregates from a bulk solution.

Temperature-responsive mNPs and anti-p24 conjugates
were both functionalized with NIPAM according to known
methods. The anti-p24 conjugates were fluorescently
labeled. The temperature-responsive mNPs and anti-p24
conjugates were mixed in PBS (pH 7.4) at room tempera-
ture, and then incubated at 45° C. for 10 minutes to form
aggregates. After the aggregation, the solution was incu-
bated at 45° C. for an additional 2 minutes with an applied
magnetic field for capturing the aggregates.

The separation efficiency (i.e., how well the components
were removed from the bulk solution and concentrated
adjacent the magnet) was determined separately for the
mNPs and the capture conjugates.

The mNPs absorb light at 400 nm but the fluorescently
labeled anti-p24 conjugates are transparent. This optical
distinction between the two components is used to measure
the separation efficiency of smart mNPs in the solution. The
solution absorbance reduction was measured before and
after application of the magnetic field to aggregates at 400
nm to determine the smart mNP separation efficiency. As
illustrated in FIG. 4, the absorbance data show the smart
mNP separation efficiency is ca. 90%.

Additionally, the solution’s fluorescent intensity before
and after the separation is used determined the anti-p24
conjugate separation efficiency.

Antibody (Ab) Capture Conjugates: p24 Antibodies

In certain embodiments, the capture conjugate is an
antibody conjugate. In an exemplary embodiment, the anti-
body conjugate is a p24 antibody.

Sample solutions containing 10% serum, 2 mg/ml. pNI-
PA Am-functionalized mNPs, and 100 pg/ml of p24 were
prepared. Various volumes of pNIPAAm-Ab conjugate were
added to these solutions and allowed 30 minutes incubation
at room temp. After 5 minutes of heating (ca. 45° C.) to
aggregate the pPNIPAAm mNPs and Ab conjugates, a mag-
netic field of 13.2 KGs was applied to the heated solution for
2 minutes to achieve magnetic separation.

The amount of p24 collected in the supernatant was
measured using enzyme-linked immunosorbent assay
(ELISA) to determine the amount of unbound p24 in the
solution. FIG. 5 graphically illustrates the increase of p24
separation efficiency when the amount of Ab conjugates
increases. Accordingly, the smart solvent system provided
herein is effective in capturing targets such as the p24
protein of HIV.

The synthesis of p24 Ab conjugates will now be
described. As illustrated in FIG. 6, a capture conjugate was
synthesized from an antibody and the temperature-respon-
sive polymer PNIPAAm. Initially, the carboxylate chain end
on the PNIPAAm polymer chain was “activated” using
DCC/NHS. The “activated” polymer chains were then con-
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jugated to the amine functional group on the antibody to
form the capture complex having the antibody and a tem-
perature-responsive polymer moiety. The PNIPAAm chains
were synthesized using reversible addition-fragmentation
chain transfer polymerization (RAFT) and contain a car-
boxylate chain end, which was used to covalently conjugate
to the amine functional groups on the p24 antibodies via
carbodiimide chemistry (e.g., DCC/NHS), as is known to
those of skill in the art.

The carboxylate was activated (FIG. 6) in methylene
chloride by mixing pNIPAAm:DCC:NHS at 1:1.1:1.1 ratio.
The activation was allowed to proceed overnight at room
temperature. The resulting activated polymer, NHS-pNI-
PAAm, was collected by precipitating in n-hexane. For
conjugation, the NHS-pNIPAAm was pre-dissolved in anhy-
drous DMSO and added into p24 antibody solution (pH 8.5).
The resulting reaction mixture contained 10% DMSO. The
reaction was allowed to proceed overnight at 4° C. and then
a desalting column was used to remove small molecule
impurities. Capture conjugates, which exhibit temperature-
responsiveness, were collected via centrifugation (10000
RPM, 5 minutes) at 40° C. The unmodified antibodies in the
supernatant were discarded.

Capture conjugates were made using monoclonal p24
antibodies from commercially available sources, such as
Maine Biotechnology Services (MBS), ImmunoDiagnos-
tics, Inc. (IDI), and NIH. Different reaction stoichiometry
(pNIPAAm:antibody molar ratio) was explored to achieve
high conjugation efficiency and yield.

Sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) gel (FIG. 7) was used to confirm the
polymer-antibody conjugation. Lane A is monoclonal p24
antibody supplied by MBS. Lane B is the pNIPAAm-
antibody conjugate. The conjugate shows larger molecular
weight than the native p24 antibody and Lane B shows no
native p24 antibody band, which confirms complete conju-
gation.

The binding between the conjugates and p24 (antigen)
was evaluated (and confirmed) using ELISA with human
plasma samples spiked with p24. The conjugates were
constructed by end-conjugating 30,000 molecular weight
linear pNIPAAm polymer to monoclonal anti-p24 IgG. The
conjugates were initially incubated with the human plasma
samples spiked with p24 at room temperature for 10 minutes
to establish binding between the conjugate and p24. The
solution temperature was then raised to 40° C. for 15
minutes to induce anti-p24 conjugate aggregation. After-
ward, the solution was centrifuged at 40° C. for 5 minutes to
spin-down the conjugate aggregates with the bound p24. The
supernatant was collected and analyzed for the amount of
p24 using commercially available p24 ELISA. Antigen
(p24)-conjugate binding results in the reduction of p24 in the
collected supernatant. When the conjugate:p24 ratio
increases from 16:1 to 16000:1, the p24 binding increases
from ca. 40 to 90%. The binding reaches ca. 90%, when the
conjugate:p24 ratio is ca. 1000:1.

Protein Capture Conjugates—Streptavidin

In certain embodiments, the capture conjugate is a protein
conjugate. In an exemplary embodiment, the protein conju-
gate is a streptavidin conjugate.

Sample solutions containing 5% serum, 2 mg/ml. pNI-
PAAm mNPs, 0.21 puM fluorescently labeled biotin-BSA
were prepared. Different volumes of streptavidin-pNIPAAm
conjugate were added to these solutions and allowed 30
minutes incubation at room temp. The streptavidin-pNI-
PAAm conjugates were synthesized using a route similar to
those described above with regard to p24 antibody conju-
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gates. After 5 minutes of heating (ca. 45° C.) to aggregate the
pNIPAAm mNPs and streptavidin conjugates, a magnetic
field was applied to the heated solution for 2 minutes to
achieve magnetic separation. Consequently the fluorescent
signals of the collected supernatants were used to determine
the amount of unbound biotin-BSA in the solution (i.e., less
signal in the supernatant means more aggregates formed and
isolated). FIG. 8 graphically illustrates the increase of bio-
tin-BSA separation efficiency when the amount of strepta-
vidin conjugates increases.

Streptavidin Capture Using pH-Responsive Polymers

All experiments utilized the samples with constant
amount of fluorescently labeled biotinylated BSA solution
(ca. 100 pL, pH 7.4, 10% serum). All experiments were
carried out at 37° C. by adding various amount of strepta-
vidin, constant amount (6 pl., 10 mg/ml) of biotinylated
poly(propylacrylic acid), a pH-responsive polymer, and con-
stant amount pH-responsive magnetic nanoparticles, com-
prising an iron oxide core with attached poly(N-isopropy-
lacrylamide-co-tert-butyl ~ methacrylate-co-methylacrylic
acid, sequentially. After 15 minutes incubation, aggregation
of the smart reagent was triggered by adding 50 pl. of
citrate-phosphate buffer (pH 4.71). Reducing pH protonates
the pH-responsive polymers, making them more hydropho-
bic, and therefore, associative. After five minutes of mag-
netic separation, the fluorescence signal of the supernatants
was used to determine the amount of captured biotinylated
BSA. The results are graphically illustrated in FIG. 9 as
percent of captured BSA vs. the molar ratio of streptavidin
conjugate:biotinylated BSA. The % captured BSA increases
along with the molar ratio. When the BSA molecules are not
biotinylated, the % captured BSA is similar (ca. 5%) to no
streptavidin. The results suggest the biotinylated BSA cap-
ture is mediated by streptavidin binding and magnetic sepa-
ration of smart reagents.

Capture of Oligonucleotides

All experiments utilized samples with constant amount of
double helix oligonucleotide (“oligo”) containing a bioti-
nylated oligo and a fluorescent labeled complementary
oligo. The double helix oligo was annealed to establish
hybridization before the magnetic separation. The experi-
ments were carried out by addition various amount of
streptavidin-pNIPAAm conjugates and constant amount of
temperature-responsive pPNIPAAm magnetic nanoparticles.
After 15 minutes incubation at room temperature, the mag-
netic separation was carried out by heating at 45° C. for 5
minutes and applying magnetic field for 2 minutes. The
fluorescent signal of the supernatants is used to determine
the amount of captured oligo. The results were plot as %
Captured oligo vs. the volume of streptavidin-polymer con-
jugates. The % captured oligo increases along with the
conjugate volume. The results suggest the target oligo
capture is mediated by biotinylated oligo-streptavidin-poly-
mer conjugates and magnetic separation of smart reagents.

While illustrative embodiments have been illustrated and
described, it will be appreciated that various changes can be
made therein without departing from the spirit and scope of
the invention.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:

1. A method of concentrating a target in a liquid, com-
prising applying a magnetic field to an aggregate in the
liquid to provide a collected aggregate by magnetophoresis,
wherein the aggregate comprises:

(a) a stimuli-responsive magnetic nanoparticle compris-

ing a first stimuli-responsive polymer attached to a
magnetic core; and
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(b) a stimuli-responsive capture conjugate comprising a
second stimuli-responsive polymer attached to a cap-
ture moiety, wherein the capture moiety is capable of
binding to a target;

wherein the aggregate is formed through associative inter-
action between the first stimuli-responsive polymer and
the second stimuli-responsive polymer.

2. The method of claim 1, wherein the magnetic field does
not induce magnetophoresis in a non-aggregated stimuli-
responsive magnetic nanoparticle in the liquid.

3. The method of claim 1 further comprising a step of
concentrating the aggregate in the liquid.

4. The method of claim 1, wherein the first stimuli-
responsive polymer and the second stimuli-responsive poly-
mer are responsive to stimuli independently selected from
the group consisting of temperature, pH, light, photo-irra-
diation, exposure to an electric field, ionic strength, and
combinations thereof.

5. The method of claim 1, wherein the stimuli-responsive
capture conjugate further comprises a detector complex
comprising a detector moiety and a second capture moiety,
wherein the second capture moiety is capable of binding to
the target.

6. The method of claim 1, wherein the target is an
indicator for a disease or condition.

7. The method of claim 1, wherein the target is selected
from the group consisting of an antibody, an antigen, a cell,
a nucleic acid, an enzyme, a substrate for an enzyme, a
protein, a lipid, a carbohydrate, or other biomarker.

8. The method of claim 1 further comprising a biological
sample selected from the group consisting of blood, mucus,
urine, tissue, sputum, saliva, feces, a nasal swab, and
nasopharyngeal washes.

9. The method of claim 1, wherein the magnetic core is a
metal oxide.

10. The method of claim 1 further comprising a second
stimuli-responsive capture conjugate comprising a third
stimuli-responsive polymer attached to a third capture moi-
ety, wherein the third capture moiety is capable of capturing
a second target, wherein the second target is different than
the target.

11. A stimuli-responsive reagent, comprising:

(a) a stimuli-responsive magnetic nanoparticle compris-
ing a first stimuli-responsive polymer attached to a
magnetic core; and

(b) a stimuli-responsive capture conjugate comprising a
second stimuli-responsive polymer attached to a first
capture moiety, wherein the first capture moiety is
capable of binding to a target.

12. The stimuli-responsive reagent of claim 11, wherein
the first stimuli-responsive polymer and the second stimuli-
responsive polymer are responsive to stimuli independently
selected from the group consisting of temperature, pH, light,
photo-irradiation, exposure to an electric field, ionic
strength, and combinations thereof.

13. The stimuli-responsive reagent of claim 11, wherein
the stimuli-responsive reagent further comprises a detector
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complex comprising a detector moiety and a second capture
moiety, wherein the second capture moiety is capable of
binding to the target.

14. The stimuli-responsive reagent of claim 11, wherein
the target is an indicator for a disease or condition.

15. The stimuli-responsive reagent of claim 11, wherein
the target is selected from the group consisting of an
antibody, an antigen, a cell, a nucleic acid, an enzyme, a
substrate for an enzyme, a protein, a lipid, a carbohydrate, or
other biomarker.

16. The stimuli-responsive reagent of claim 11, wherein
the magnetic core is a metal oxide.

17. The stimuli-responsive reagent of claim 11 further
comprising a second stimuli-responsive capture conjugate
comprising a third stimuli-responsive polymer attached to a
third capture moiety, wherein the third capture moiety is
capable of capturing a second target, wherein the second
target is different than the target.

18. A method of capturing a target in a liquid, comprising:

(a) contacting a liquid to be tested for the presence of a
target with a stimuli-responsive reagent for a pre-
determined period of time sufficient to effect binding of
the target, if present, to the stimuli-responsive capture
conjugate, comprising:

(1) a stimuli-responsive magnetic nanoparticle compris-
ing a first stimuli-responsive polymer attached to a
magnetic core; and

(ii) a stimuli-responsive capture conjugate comprising
a second stimuli-responsive polymer attached to a
capture moiety, wherein the capture moiety is
capable of binding to a target;

(b) applying an effective stimulus to provide an aggregate
in the liquid formed through associative interaction
between the first stimuli-responsive polymer and the
second stimuli-responsive polymer, wherein the aggre-
gate comprises:

(1) a stimuli-responsive magnetic nanoparticle compris-
ing a first stimuli-responsive polymer attached to a
magnetic core; and

(ii) a stimuli-responsive capture conjugate comprising
a second stimuli-responsive polymer attached to a
capture moiety, wherein the capture moiety is bound
to the target when the target is present in the liquid,

(c) subjecting the aggregate to a magnetic field to mag-
netophorese the aggregate to a site within the liquid to
provide a magnetophoresed aggregate in the liquid; and

(d) analyzing the magnetophoresed aggregate to deter-
mine if the target is present.

19. The method of claim 18 further comprising binding a
detector complex to the target, said detector complex com-
prising a second capture moiety capable of binding to the
target and a reporting moiety.

20. The method of claim 19, wherein the step of analyzing
the magnetophoresed aggregate comprises photolumines-
cence analysis.



